The essential histone chaperone FACT (facilitates chromatin transcription) promotes both nucleosome assembly and disassembly. FACT is a heterodimer of Spt16 with either SSRP1 or Pob3, differing primarily by the presence of a high-mobility group B (HMGB) DNA-binding domain furnished only by SSRP1. Yeast FACT lacks the intrinsic HMGB domain found in SSRP1-based homologs such as human FACT, but yeast FACT activity is supported by Nhp6, which is a freestanding, single HMGB-domain protein. The importance of histone binding by FACT domains has been established, but the roles of DNA-binding activity remain poorly understood. Here, we examined these roles by fusing single or multiple HMGB modules to Pob3 to mimic SSRP1 or to test the effects of extended DNA-binding capacity. Human FACT and a yeast mimic both required Nhp6 to support nucleosome reorganization in vitro, indicating that a single intrinsic DNA-binding HMGB module is insufficient for full FACT activity. Three fused HMGB modules supported activity without Nhp6 assistance, but this FACT variant did not efficiently release from nucleosomes and was toxic in vivo. Notably, intrinsic DNA-binding HMGB modules reduced the DNA accessibility and histone H2A-H2B dimer loss normally associated with nucleosome reorganization. We propose that DNA bending by HMGB domains promotes nucleosome destabilization and reorganization by exposing FACT's histone-binding sites, but DNA bending also produces DNA curvature needed to accommodate nucleosome assembly. Intrinsic DNA-bending activity therefore favors nucleosome assembly by FACT over nucleosome reorganization, but excessive activity impairs FACT release, suggesting a quality control checkpoint during nucleosome assembly.
FACT 2 is a highly conserved histone chaperone capable of either partially disassembling or assembling nucleosomes (1) (2) (3) . It promotes increased accessibility of nucleosomal DNA to nucleases and chemical probes (4 -6) , enhances transcription of chromatin templates (7) (8) (9) , and alters nucleosomal structure in a single-particle Förster resonance energy transfer (spFRET) assay (10, 11) . These effects are reversible, can occur without changing the composition of the nucleosome or the position of the histone octamer relative to DNA, and do not require ATP hydrolysis, so this constellation of activities has been called nucleosome reorganization to distinguish FACT from ATP-dependent remodelers (1) . Consistent with the reversibility of reorganization, FACT can also assemble nucleosomes from mixtures of histones and DNA (9) , and it promotes chromatin duplication in vivo and in vitro (12, 13) . Alterations of FACT activity in vivo result in a loss of transcriptional repression (14 -17) and elevated histone turnover rates (18) , further indicating a key role in chromatin maintenance. FACT therefore contributes to various aspects of transcription, replication, centromere function, and repair and is essential for the viability of eukaryotic cells (1, 2, 7, 19, 20) .
FACT is a heterodimer of the Spt16 and SSRP1/Pob3 family members (8, 14, 21) . The SSRP1 and Pob3 versions of the small subunit are distinguished primarily by the presence of a DNAbinding domain in SSRP1 (the subunit found in most eukaryotes) that is lacking in Pob3 (found in yeasts and fungi (Fig. 1) ). The DNA-binding domain is a single copy of an HMGB domain, a motif typically found in paired tandem repeats in the highly abundant high-mobility group B family of proteins (22) (23) (24) (Fig. 1 ). HMGB proteins bind the minor groove of DNA without sequence specificity, resulting in a bend of nearly 90° (24, 25) . They can therefore act as "DNA chaperones" that promote transitions between normal B-form DNA and curved forms that promote looping or assembly of nucleosomes (26, 27) . DNA bending by HMGB modules could therefore destabilize nucleosomes by disrupting DNAhistone contacts, but it could also stimulate nucleosome assem-bly by overcoming the inherent stiffness of DNA to provide the curvature needed.
Yeast FACT (yFACT) lacks the intrinsic HMGB domain found in SSRP1-based versions like human FACT (hFACT), but previous work shows that yFACT activity is supported in vivo and in vitro by Nhp6, which is essentially a freestanding single HMGB motif (6, 23, 28, 29) (Fig. 1 ). This has been interpreted to mean that FACT function has a universal requirement for DNA-binding activity, but it can either be supplied in cis (Spt16 -SSRP1) or in trans (Nhp6 plus Spt16 -Pob3, Ref. 1). Nhp6 is encoded by two similar genes in the yeast Saccharomyces cerevisiae, NHP6A and NHP6B, with the loss of both genes leading to severe growth defects but not inviability (23, 28) . In addition to supporting FACT activity, Nhp6 also contributes to the functions of RSC and other ATP-dependent nucleosome remodelers (26, 30, 31) , transcription of the spliceosomal RNA encoded by SNR6 (32) , and other chromatin-mediated processes (23) . This broad range of roles makes it difficult to assign individual physiological functions of Nhp6 or other HMGB domain proteins; as a result, little is known about how they contribute to specific processes or what drives the preference for architectural features, such as inclusion of an intrinsic domain in SSRP1 but not in Pob3, the dual repeats of the motif in HMGB1, or the single motif observed in Nhp6.
yFACT (Spt16 -Pob3) does not stably bind to or reorganize nucleosomes in the absence of Nhp6 in vitro, indicating a requirement for a DNA-binding domain to initiate or stabilize this structural change in vitro (4 -6, 10, 33) . Genetic analysis shows that Nhp6 has an important but not essential role in yFACT function in vivo, but it is not clear whether other DNAbinding factors partially complement the loss of Nhp6. Therefore, it is not known whether some DNA-binding activity is just helpful for FACT function or is essential. Broad conservation of FACT at the sequence level suggests that its activities are also conserved, and the architecture of hFACT implies that the role contributed by Nhp6 in yFACT activity is instead performed by the HMGB domain in SSRP1. However, hFACT alone does not form stable complexes with intact nucleosomes (3, 11) and has not been reported to induce nucleosome reorganization, although this was not tested in the presence of additional HMGB proteins. The role of a DNA-binding/-bending domain in FACT activity and the different architectures of FACT, in different organisms, that are responsible for this activity therefore remain puzzling.
To begin to address questions regarding the functional architecture of DNA-binding domains in FACT activity, we fused HMGB domains to the Pob3 subunit of yeast FACT and investigated the activities of the fusion proteins in vitro and in vivo. This allowed us to probe the effects of providing the DNAbinding activity to FACT in different structural contexts. We also compared the effects of intrinsic and freestanding HMGB domains on FACT activity by adding Nhp6 to yFACT constructs with different numbers of domains fused to Pob3 and to hFACT with its single native domain.
Our results show that yFACT and hFACT have comparable activities, but stable binding to and reorganization of nucleosomes requires more than a single intrinsic HMGB domain in both cases. Notably, intrinsic DNA-binding domains reduced the amount of H2A-H2B dimer loss and the level of accessibility of nucleosomal DNA to nucleases during reorganization. The results therefore support the expected importance of DNA binding and bending by HMGB-domain proteins in initiating reorganization of nucleosomes by FACT, but they also suggest a role for intrinsic domains in promoting the resolution of the reorganized state to assemble nucleosomes. We propose a model in which FACT can form weak complexes with nucleosomes without the assistance of DNA-binding activity; this form is in equilibrium with a stably bound, reorganized structure whose formation requires freestanding HMGB proteins. DNA-bending activity provided by intrinsic HMGB domains skews the equilibrium toward intact nucleosomes, explaining the lower accessibility of the DNA and decreased H2A-H2B dimer loss. This model proposes a role for the known DNA-bending activity of HMGB domains (22, 34, 35) during nucleosome assembly (which requires the introduction of curvature to the DNA), suggests a nucleosome assembly checkpoint function for FACT, and provides a potential basis for the two distinct architectures of FACT observed in nature.
Results

Fusing Nhp6 modules to Pob3
SSRP1 and Pob3 are similar over their first ϳ450 residues followed by 60 -90 residues with a high proportion of acidic amino acids ( Fig. 1 ). This inherently unstructured acidic region is the C terminus of Pob3 and contains one of the two binding sites for H2A-H2B dimers in FACT, with the other being a similar domain in Spt16 (3, 36) . SSRP1 proteins also have this feature, but it is followed by an HMGB DNA-binding domain and then a serine-rich (30% Ser in human SSRP1) and highly charged (20% Asp or Glu and 26% Lys or Arg) C-terminal tail, which we are calling the SAB (serine-acidic-basic) domain here. We fused the NHP6A gene in-frame with the 3Ј-end of the POB3 ORF, retaining all residues of each protein and adding a 3-6-residue linker between them, depending on the construct (see "Experimental procedures" and Pob3-1N in Fig. 1 ). Human SSRP1 has 27 residues separating the end of the acidic domain from the HMGB motif, and the Pob3-Nhp6 fusions were designed to mimic the length of this linker. These fusions therefore resembled the architecture of SSRP1 but did not include the serine-rich/charged tail for in vitro studies.
Previous results with human FACT and Spt16 -Pob3 suggested that a single HMGB domain would be insufficient to promote stable nucleosome binding or reorganization in vitro (3, 11, 37, 38) . We therefore also developed a strategy for inserting multiple Nhp6 modules at the C terminus of Pob3 in a plasmid-based expression construct (see "Experimental procedures"). Plasmids containing intact Pob3 were somewhat toxic to Escherichia coli even without explicit bacterial expression signals; this toxicity increased with each Nhp6 module added (not shown). We were therefore unable to recover constructs with more than three Nhp6 modules fused to Pob3 (Pob3-3N ( Fig. 1) ).
For purification of FACT variants, we co-expressed the POB3 gene or its fusion derivatives along with normal SPT16, both from inducible GAL1 promoters in yeast cells ( Fig. 2A and Ref. 4) . A high-copy GAL1p-POB3 plasmid expressed enough Pob3 to complement a deletion of this essential gene even when the GAL1 promoter was repressed with glucose ( Fig. 2B, top  panel) . In contrast, POB3-3N did not complement a deletion, and overexpression of POB3-3N blocked the growth of a strain with a normal POB3 gene (Fig. 2B, bottom panel) . This fusion protein was therefore toxic to yeast cells but provided a source for purifying the Spt16 -Pob3-3N (SP-3N) heterodimers ( Fig. 2A ).
FACT activity in vitro requires multiple HMGB domain modules
SSRP1 was initially identified as a structure-specific recognition protein because of the affinity of its HMGB domain for distorted DNA molecules (22, 35) . However, the middle domains of both Pob3 and SSRP1 have also been reported to bind DNA with low affinity (39) . We therefore tested the Spt16 -Pob3 complexes with 0, 1, or 3 Nhp6 modules for the ability to bind 147-181-bp dsDNA fragments using an electrophoretic mobility shift assay (EMSA) (Figs. 3A and B, and S1). SP (Spt16 -Pob3 heterodimers) alone bound DNA with an apparent affinity of 950 Ϯ 60 nM, and a single fused Nhp6 module (Spt16 -Pob3-1N (SP-1N)) increased this affinity, but only moderately, to 310 Ϯ 10 nM. SSRP1 and hFACT were reported previously to bind short 30-bp DNA fragments with affinities near 10 nM (40) . We observed little or no stable binding to free DNA at levels up to 300 nM hFACT in our EMSA, whereas free Nhp6 displayed an affinity of 43 Ϯ 14 nM (Figs. 3B and S1). The phosphorylation of residues in hFACT is known to inhibit the DNA-binding activity of the HMGB domain (37) , and the reported high affinity for short DNA fragments was observed after phosphatase treatment of hFACT (40) . As hFACT is active in other assays without this treatment (Refs. 3, 7, and 11 and see below), we did not test this parameter in our assays but noted that, in contrast, SP-3N bound DNA with affinity of 23 Ϯ 7 nM ( Fig. S1 ). We concluded that HMGB modules are capable of binding DNA with high affinity from within FACT, but the accessibility of nucleosome-sized DNA fragments appears to be limited when only one module is present; the affinity increases with increased numbers or flexibility of the modules, and the DNA-binding affinity of FACT may be regulated by phosphorylation.
The concentration of Nhp6 needed to support the binding of SP to nucleosomes is about 10-fold higher than the concentration observed to bind DNA (33, 41) . This requirement for a molar excess of Nhp6 has been interpreted to mean that multi- (Table S1 , pob3-⌬ YEp URA3 POB3) was transformed with pTF162 (YEp LEU2 vector), pTF139 (YCp LEU2 POB3 (16)), pHX13 (YEp LEU2 GAL1p-POB3) or pHX16 (YEp LEU2 GAL1p-POB3-3N). Cultures were grown in rich medium to permit loss of pJW4, and then 10-fold serial dilutions were placed on synthetic glucose medium lacking leucine (Glc Ϫleu) or containing fluoroorotic acid (Glc FOA) to determine retention of the LEU2 plasmids and loss of the URA3 plasmid, respectively (50) . Complementation of pob3-⌬ was robust for the YCp POB3 plasmid, weaker for the YEp POB3 plasmid under repressive conditions for the GAL1 promoter, and absent for the YEp POB3-3N plasmid. Expression of POB3 in this configuration was therefore adequate to produce some growth, but Pob3-3N either did not complement pob3-⌬ or its toxicity outweighed any benefit. Bottom panel, strain 8127-7-4 (WT , Table S1 ) was transformed with the same plasmids as above and tested under selection for the plasmids on medium that repressed (Glc) or induced (Gal) the GAL1 promoter. GAL1p-POB3-3N blocked growth only on Gal, demonstrating toxicity of the Pob3-3N protein.
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ple Nhp6-binding events are needed within a short window of time to disrupt the histone-DNA contacts sufficiently to allow FACT to compete for binding to the histones to initiate reorganization (1) (2) (3) 36) . We reasoned that a single intrinsic HMGB domain might provide a high enough local concentration of DNA-binding activity, or an optimal positioning of the module, to decrease the requirement for free Nhp6. Titration of Nhp6 showed that SP-1N required only slightly less Nhp6 than SP (half-maximal complex formation occurred at 690 Ϯ 40 nM Nhp6 with SP and 580 Ϯ 30 nM Nhp6 with SP-1N ( Fig. 3C) ). A single intrinsic HMGB domain was therefore not sufficient to promote stable nucleosome binding and also did not substitute for a significant amount of free Nhp6 in supporting nucleosome binding. In contrast, similar experiments with SP-3N resulted in binding to nucleosomes in the absence of free Nhp6 (Fig. 3D ) with an apparent affinity of 29 Ϯ 3 nM (146-bp DNA, no linker DNA) or 19 Ϯ 4 nM (181-bp DNA, ϳ35 bp of linker DNA). Free Nhp6 modules were therefore not needed to produce stable complexes of SP with nucleosomes, but multiple HMGB domains were required.
Native gel analysis showed that the complexes formed with SP-3N alone were poorly behaved, migrating as a smear near the well, but the addition of free Nhp6 resolved these smears into distinct bands (Fig. 3D ). This suggests that individual DNA-binding modules within SP-3N can bind to different nucleosomes, forming networks that are disrupted by competition from free Nhp6. If this is correct, it means that at least two of the three HMGB domain modules in this construct are capable of binding DNA independently. When saturating levels of Nhp6 were added, all three FACT variants produced the slow-migrating form shown previously to contain one Spt16 -Pob3 heterodimer per nucleosome (FACT: Nuc in Fig. 3D ) (4). SP-1N, and especially SP-3N, also produced significant amounts of an even slower-migrating complex ( Fig. 3D , Novel Complex).
SP-3N induced nucleosome reorganization without additional Nhp6
Nucleosome reorganization by FACT is associated with increased accessibility of the DNA to restriction endonuclease digestion (1, 5) . Consistent with the binding results above, neither SP nor SP-1N was able to enhance the DraI digestion rate of a 5S rDNA fragment incorporated into nucleosomes, but both were able to produce high rates of digestion when Nhp6 was also added (Fig. 4A ). Contrary to our expectation, SP-1N supported lower rates of digestion than SP at all Nhp6 concentrations, indicating that the availability of an intrinsic DNAbinding domain inhibited this activity instead of enhancing it. As discussed below, we interpreted this as support for a model in which the intrinsic DNA-binding module skews the distribu- S1 ). The average Ϯ S.D. is shown for four independent repeats. B, same as in A, except Nhp6A and hFACT were tested, and the results from three repeats are shown. Subsequent assays were performed with 200 nM hFACT, a condition that demonstrated little or no binding to free DNA in this assay. C, nucleosomes were mixed with 200 nM SP or SP-1N and the indicated concentrations of Nhp6, and the bound fraction (FACT:Nuc complexes as shown in D) was determined following native PAGE. The average Ϯ S.D. for four independent repeats is shown. D, nucleosomes alone or mixed with 200 nM SP, SP-1N, or SP-3N without or with 2 M Nhp6 were separated by native PAGE. Gels were scanned to detect the Cy5-labeled DNA (green signal) and the Oregon Green-labeled H2B (red signal) with the merged images on the right. Complexes formed between FACT and displaced dimers are indicated as SP-x:H2A-H2B, and a typically weak band whose prominence increased in proportion to the number of Nhp6 modules fused to Pob3 is indicated as a Novel Complex.
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tion of FACT-nucleosome complexes toward a nuclease-resistant form.
Notably, SP-3N was able to promote nuclease digestion without added Nhp6 (Fig. 4 , B-D). As noted above, SP-3N may bind two nucleosomes simultaneously, so at high concentrations this could simply mean that one SP-3N heterodimer provides Nhp6 activity for another heterodimer. However, the rate of digestion was enhanced even at 10 -20 nM SP-3N, which is well below the concentration of Nhp6 that supports reorganization by native SP (Refs. 4, 5, and 33 and Fig. 4A ). These results therefore suggest that a single FACT heterodimer was able to reorganize a nucleosome in isolation when three locally constrained DNA-binding modules were available. Additional free Nhp6 enhanced the rate of digestion at these low concentrations of SP-3N, so the availability of three localized HMGB domains was not optimal, but it was effective. Activity with SP-3N plateaued at about 60% of the level of SP ϩ Nhp6 with DraI and a 5S rDNA template ( Fig. 4B ) but was closer to 100% with a different nucleosome positioning sequence probed with PstI ( Fig. 4D ). Previous results show that different restriction enzymes respond to reorganization by FACT to different extents (4), presumably revealing some structural or kinetic feature of reorganized nucleosomes. The apparent inhibition of activity at high SP-3N concentrations with PstI was not observed previously with free Nhp6 or SP (4, 5, 33) but could be related to the formation of distinct bands detected by EMSA with SP-3N ( Fig. 3D ) and the interplay between the reorga-nized structure and the enzyme used as a probe. The ability of SP-3N to induce endonuclease sensitivity indicates that two to three DNA-binding motifs were adequate to support nucleosome reorganization by FACT.
Fusion of Nhp6 to Pob3 reduced H2A-H2B loss during reorganization
An early model proposed that FACT functions by removing one of the two H2A-H2B dimers from a nucleosome to form a hexasome (9), a conclusion based primarily on the significant loss of dimers from immobilized nucleosomes exposed to hFACT. Later assays examined the nucleosome population in solution and found that although some dimers are permanently lost during FACT binding, many nucleosomes contain a full complement of histones after reorganization and reassembly (4). However, it remains unclear whether these intact nucleosomes retain the full complement of histones during FACT exposure or regain H2A-H2B from a pool of displaced molecules during or after dissociation of FACT, and whether the DNA-binding domain has a role in displacement, retention, or reinsertion of H2A-H2B.
We therefore measured the amount of dimer displacement caused by the formation of complexes with different versions of FACT. Complexes were formed as shown in Fig. 3D with distinct fluors attached to H2A-H2B and DNA; then the ratio of H2A-H2B to DNA was determined for each band and compared with the ratio for intact nucleosomes to calculate the 
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H2A-H2B content (Fig. 5A ). Excess unlabeled genomic DNA was then added to bind the HMGB domains, leading to rapid dissociation of the FACT-nucleosome complexes as described previously (4) (Fig. 5B ). The amount of H2A-H2B not associated with nucleosomes was then measured, and the composition of the dissociated nucleosomes was also determined from the H2A-H2B/DNA signal ratio, with both methods producing similar estimates of the amount of H2A-H2B loss ( Fig. 5C and not shown).
SP and SP-1N did not affect the H2A-H2B content of nucleosomes in the absence of Nhp6 (Fig. 5 ). In contrast, SP-3N alone or combinations of Nhp6 with SP, SP-1N, or SP-3N all caused measurable decreases in the H2A-H2B signal in the intact complexes they formed with nucleosomes ( Fig.  5A) . Nucleosomes alone were prone to some loss of H2A-H2B content when challenged with competitor DNA, but the loss was enhanced by FACT binding (Fig. 5C ) as reported previously (4) . However, the loss did not reach the 50% level expected for complete hexasome formation. Importantly, fusing Nhp6 to Pob3 reduced the loss of dimers in proportion to the number of modules added, which was true both in intact complexes and after dissociation (Fig. 5, A and C) . These results indicate that intact FACT-nucleosome complexes are missing the same fraction of H2A-H2B as nucleosomes released from the complexes, suggesting that dimers are neither lost nor gained during dissociation in response to competitor DNA. They also show unexpectedly that intrinsic HMGB domains reduce the loss of H2A-H2B during reorganization, revealing a mechanistic difference between free and constrained DNA-binding domains.
The dissociation of complexes with nucleosomes after the addition of competitor DNA was essentially complete with SP and SP-1N, but complexes formed with SP-3N were partially resistant to disruption (Fig. 5, B and D) . SP-3N did not bind nucleosomes when competitor was added first (not shown); so, this reveals slow or inefficient dissociation of SP-3N⅐nucleosome complexes. A similar phenomenon was observed with the Spt16 -Pob3-Q308K complexes previously (42) and was interpreted as failed resolution of the reorganized state back to canonical nucleosomes. A similar interpretation here would suggest that fusing three Nhp6 modules to Pob3 promotes the formation of complexes but also inhibits the successful reassembly of the nucleosome and that this resolution is necessary for the release of FACT.
Pob3-Nhp6 performs many functions of both Pob3 and Nhp6 in vivo
A Pob3-1N fusion provides some functions of both Pob3 and Nhp6 in vivo (Ref. 43 and Fig. 6A ). Pob3 function is not severely impaired by fusion of epitopes or purification tags (16, 44) , so the ability of Pob3-1N to perform the functions of Pob3 may just indicate that Nhp6 is tolerated as a nonfunctional addition to Pob3. The Pob3-1N fusion protein had lower activity in vitro (Fig. 4 ), but this deficiency did not appear to cause a significant problem in vivo.
The ability of Pob3-1N to provide Nhp6 activity is more surprising, as Nhp6 represents only 11 kDa of this 77-kDa fusion protein, and the fusion protein exhibited much lower affinity for DNA or nucleosomes than Nhp6 did in vitro (Fig. 3) . Cells lacking a source of Nhp6 (nhp6a-⌬ nhp6b-⌬; denoted as A, complexes were formed as described in the legend for Fig. 3D . The H2A-H2B content in the FACT:Nuc band (see Fig. 3D ) was determined by comparing the ratio of dimer signal to DNA signal and normalizing it to intact nucleosomes. B, samples were prepared and analyzed as described in the legend for Fig. 3D , except competitor DNA was added prior to electrophoresis. C, the H2A-H2B content of the released nucleosomes prepared as in B above was determined as in A. The average Ϯ S.D. for four independent repeats is shown. D, the fraction of signal remaining in the Retained Complexes region defined in B was calculated for the same samples as described for C.
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nhp6-⌬⌬ here) display several phenotypes (6, 16, 31, 43, 45) , including a severe growth defect, inability to grow at 38°C, sensitivity to the replication toxin hydroxyurea, and the Spt Ϫ phenotype (reflecting loss of repression of a weak transposon-associated promoter (46) ). Although complementation was not complete, POB3-NHP6 significantly reversed most of these defects, with the notable exception of the Spt Ϫ phenotype (Fig. 6A ). Pob3-1N was therefore able to perform some roles of Nhp6 adequately but could not maintain transcriptional repression.
A trivial explanation for the partial complementation of nhp6-⌬⌬ could be that the Pob3-Nhp6 fusion is degraded to release free Nhp6. Western blotting did not reveal any free Nhp6 protein in nhp6-⌬⌬ strains, including those with the POB3-NHP6A gene (Fig. 6E ). Pob3-Nhp6 was detected at about the same level as Pob3 in a normal cell, and no free Pob3 was detected in Pob3-Nhp6 strains (Fig. 6F ). To determine how much Nhp6 was needed to support different functions, we quantified the amount of Nhp6 in various strains (Fig. 6, B-D) . Our result of ϳ48,000 molecules/cell in a WT strain (ϳ24 M in nuclei, about two-thirds of the level of nucleosomes) was in general agreement with a previous estimate of 50,000 -70,000 copies/cell (45) . NHP6B expression increased somewhat to compensate for loss of NHP6A, so we concluded that ϳ36,000 copies of Nhp6A is nearly adequate to promote the repression of the lys2-128∂ reporter of the Spt Ϫ phenotype (an nhp6b-⌬ strain displayed only slight growth on medium lacking lysine (Fig. 6A) ), whereas ϳ18,000 copies of Nhp6B was less sufficient, leading to some loss of transcriptional repression but no other phenotypes. We estimated from our titrations that we would detect about ϳ2000 copies of free Nhp6/cell, a level unlikely to complement the Spt Ϫ phenotype according to these calcula- (Table S1) were tested as indicated. YPAD is rich medium (yeast extract, peptone, dextrose, adenine sulfate), HU150 is YPAD with 150 mM hydroxyurea, SC Glc is synthetic complete medium with glucose as the carbon source, and ϪLys is the same but lacking lysine. Growth on ϪLys reveals the Spt Ϫ phenotype in these strains with the lys2-128Ѩ allele (46) . B, purified recombinant Nhp6A or 7 g of extract from cells with the genotypes shown (Table S1) were separated by SDS-PAGE, transferred to nitrocellulose, and then detected with polyclonal antiserum directed against Nhp6A protein. The signal from the western blotting was quantitated with NIH ImageJ software (51), yielding the standard curve in C. Total amounts of Nhp6 were calculated from the standard curve and converted to copy number/cell (in D, the average Ϯ S.D. for eight independent repeats is shown) using the previously determined relationship between cell number and total protein in these extracts (49) . E, same as in B, except strains lacking Nhp6 and with Pob3-Nhp6 were included. The top panel shows a short exposure to optimize detection of Pob3-1N with Nhp6 antiserum, the middle panel shows the entire gel at a medium exposure time, and the bottom panel shows a long exposure time for the region containing free Nhp6 to emphasize the lack of signal in nhp6-⌬⌬ strains. F, same as in E, except the gel was probed with antibodies against Pob3. A cross-reacting species observed in all strains but visible as a distinct band only with Pob3-1N fusions is marked by an asterisk.
tions but with unknown effects on other phenotypes. We therefore found no evidence of detectable levels of free Nhp6 in strains expressing Pob3-1N; but different phenotypes displayed different thresholds for Nhp6 activity, and we cannot completely rule out the possibility that small amounts of free Nhp6 contribute to the genetic results.
Nhp6 supports nucleosome reorganization by human FACT
Sequence homology suggests that hFACT and yFACT should have similar activities, but hFACT has not been observed to bind nucleosomes stably or to reorganize them (3, 10, 11) . However, the effects of additional free HMGB domain proteins have not been tested. Human cells contain high levels of these factors, so they could support FACT activity in vivo (22, 24) in much the way that Nhp6 supports yFACT function. To address this possibility, we assayed hFACT activity with and without added Nhp6. As reported previously (3), hFACT alone did not form stable complexes with intact nucleosomes, but complexes were observed when Nhp6 was added (Fig. 7A) . hFACT also promoted sensitivity to DraI when supplemented with Nhp6 ( Fig. 7B ) but to a lower extent than yFACT. Notably, hFACT with Nhp6 caused enhanced loss of H2A-H2B (Fig. 7C) , and the level of dimer dissociation was lower than that observed with SP ϩ Nhp6 but similar to the result obtained with SP-1N ϩ Nhp6 (Fig. 5 ). The effect of hFACT on nucleosomes was therefore similar to yFACT, especially the SP-1N version, including the limited extent of dimer displacement and nuclease accessibility relative to native SP.
Dramatic uncoiling of nucleosomal DNA was detected previously with yeast FACT using an spFRET assay (10) , and hFACT also had this activity but only in the presence of Nhp6 (Fig. 7D ). In this assay, 603-nucleosome positioning sequence DNA was used to assemble nucleosomes with donor (Cy3) and acceptor (Cy5) dyes attached to bases that were far apart in the linear DNA fragment but close enough in the context of a nucleosome to produce FRET. The fluorescence intensities of Cy3 and Cy5 were measured when single nucleosomes diffusing freely in solution crossed the laser focus and proximity ratios (E PR ) (which are directly proportional to FRET efficiencies) were calculated. Canonical nucleosomes produced the expected high E PR values in this assay, but the distribution was centered near zero in the presence of hFACT with Nhp6, indicating loss of FRET because of uncoiling of the DNA (see the "Discussion" in Refs. 10 and 11), and was restored when unlabeled competitor DNA was added to the sample to bind the Nhp6 (Fig. 7D) . Neither hFACT nor Nhp6 alone had this effect on nucleosomal structure in this assay (additional controls and further discus- Fig. 4C) . No digestion was observed in parallel experiments with hFACT, SP, or Nhp6 alone (not shown). C, FACT-nucleosome complexes formed as in A were treated with competitor DNA, and the H2A-H2B dimer content in the resulting dissociated nucleosomes was determined as described in the legend for Fig. 5C , with the average Ϯ S.D. of three independent samples shown. D, spFRET analysis of nucleosome N35/112 (Nuc) alone and then with hFACT ϩ Nhp6 before and after the addition of competitor DNA (ϩDNA) is shown (see Refs. 10 and 11 for details and additional control experiments). Frequency distributions of proximity ratios (E PR ) calculated from the FRET efficiencies of individual nucleosomes were based on analysis of 4,315 (Nuc), 16,233 (hFACT ϩ Nhp6), and 5,141 (hFACT ϩ Nhp6 ϩ competitor DNA) single particles. Control experiments published previously show that the Cy3 and Cy5 fluorophores inserted 35 and 112 bp into this 603-nucleosome positioning sequence produced high E PR values only when the DNA was tightly coiled around a histone core (10) . Neither hFACT nor Nhp6 alone altered the E PR distribution in this assay (10, 11) , but their combination caused a dramatic decrease in E PR values (hFACT ϩ Nhp6). This effect was reversible, as the addition of competitor DNA restored the characteristic E PR distribution for nucleosomes (hFACT ϩ Nhp6 ϩ competitor DNA). Human FACT therefore caused the same disruption of nucleosome structure (uncoiling of DNA that affects about 70% of the DNA in a nucleosome) that was observed for yeast FACT (10) . This depended on the further addition of HMGB proteins beyond the single domain available in SSRP1 and was reversible. Inset, an approximate representation of N35/112.
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sion of the extent of uncoiling inferred are described in Refs. 10 and 11), so the data show that hFACT was able to induce the same dramatic unwrapping of nucleosomal DNA coils observed with yeast SP, with both being dependent on additional Nhp6 and both being reversible upon the sequestration of the free DNA-binding protein. The ability to reversibly reorganize nucleosomes is therefore conserved between yeast and human FACT architectures, as is the dependence of this activity on multiple HMGB domains.
In addition to the HMGB domain, SSRP1 also differs from Pob3 in the presence of the unusual SAB tail (Fig. 1) . As an initial test of the effects of this domain on FACT function in vivo, we constructed yeast strains with normal Pob3 N-terminal and middle domains but with the acidic, HMGB, and SAB domains of hSSRP1 (Fig. 1) . These constructs had only weakly deleterious effects ( Fig. S2) and, unlike the Nhp6 fusions described above (Fig. 6) , were unable to perform any of the functions of Nhp6 in vivo. This suggests that the HMGB domain of SSRP1 is not functionally identical to Nhp6, indicating further dissection of these domains will be needed to understand their functions.
Discussion
FACT can either destabilize or promote the assembly of nucleosomes without consuming an energy source (1, 7, 9) . It appears to destabilize nucleosomes by recognizing multiple sites that are buried in the intact form and binding to these surfaces as they are transiently exposed, thereby forming a sequential series of intermediates along a pathway to a more open, reorganized form. In the reverse reaction, the same contacts guide loosely associated histones and DNA toward the canonical structure, promoting assembly by maintaining a high local concentration of components in appropriate orientations or conformations compatible with assembly (9, 42) . In the currently available structures, histones bound by FACT have the same conformations found in nucleosomes, but FACT clashes with the expected positions of DNA (3, 36) . DNA-histone contacts in existing nucleosomes must therefore be disrupted to form stable complexes with FACT, and these contacts must be reestablished to resolve the complexes into canonical nucleosomes. The most obvious candidate for a role in managing the conformation of the DNA during these transitions is the HMGB component, as these factors are known to bind DNA in a bent conformation, thereby stabilizing curved forms (22, 25) . This bending could produce the stress that is needed to initiate reorganization, and it could also overcome the inherent stiffness of DNA to promote nucleosome assembly during resolution of the reorganized form. Here, we asked how the HMGB domain contributes mechanistically to FACT activity by comparing the effects of supplying it in different architectural contexts.
FACT heterodimers with single intrinsic HMGB domains (yeast SP-1N or hFACT) were able to reorganize nucleosomes in vitro but only when assisted by free Nhp6 (Figs. 4 and 7) . One DNA-binding module was therefore not sufficient to support this activity in either native or artificial constructs. Notably, SP-1N and hFACT were each less active than SP in promoting endonuclease digestion of nucleosomal DNA (Figs. 4 and 7) , so supplying a single HMGB domain in cis appeared to inhibit reorganization and not promote it. Cells with Pob3-1N or Pob3-hSSRP1 C-terminal domain fusions as the only source of this essential protein did not display any significant phenotypes (Figs. 6 and S2), so this apparent impairment of activity in vitro was not strongly detrimental in vivo. Although the physiological role of the complete reorganization of mononucleosomes as detected by our in vitro nuclease sensitivity assay remains speculative, these results suggest that providing a DNA-binding domain within FACT does not enhance this activity.
In contrast, an artificial construct with three Nhp6 modules fused to Pob3 was able to reorganize nucleosomes without assistance, supporting the previous conclusion that multiple DNAbinding events are required to initiate reorganization (5, 33) and indicating that two to three such events are adequate, whereas one is not. High concentrations of Nhp6 (Fig. 6 ) provide this activity in yeast, and the abundant HMGB family of factors presumably plays the same role in other eukaryotes (22, 24) .
Reorganization by FACT causes displacement of some H2A-H2B dimers from nucleosomes (9), but even full reorganization of all nucleosomes under the saturating reaction conditions used here leads to an average loss of less than one dimer per nucleosome (Figs. 5 and 7 and Ref. 4) . We proposed previously that dimer loss results from accidental dissociation of reorganized nucleosomes, but that interpretation implies that loss should be proportional to the time spent in the reorganized state. Instead, we find that buffer conditions (4) or modifications of FACT architecture (Figs. 5 and 7) drive the amount of displacement that occurs. Intact complexes and the nucleosomes that resulted from their dissociation had similar H2A-H2B contents ( Figs. 5 and 7 ), suggesting that dimer loss did not occur during or after dissociation but was instead a property of the complexes themselves that was in dynamic equilibrium when complex dissociation was triggered. In this view, the observed decrease in H2A-H2B displacement that accompanied increasing numbers of intrinsic HMGB domains suggests that local DNA-binding activity shifts the equilibrium from a form more prone to dimer loss to one less prone to this loss.
Free Nhp6 had a high affinity for DNA in our assays, but fusing this same module to the C terminus of Pob3 reduced this affinity about 10-fold (Fig. 3) . The native HMGB domain within hFACT showed little or no DNA-binding activity in this same assay (Fig. 3 ), although others have reported binding to shorter substrates under different conditions (40) . Although the presence of this domain did not support reorganization, it reduced H2A-H2B displacement during reorganization, and the effect was proportional to the number of modules provided (Figs. 5 and 7). Single intrinsic HMGB modules within either hFACT or yFACT therefore seem to have limited access to free DNA, but they alter the properties of FACT-nucleosome complexes, making them less amenable to reorganization and less prone to loss of H2A-H2B dimers.
SP-3N failed to release efficiently from nucleosomes in vitro, and it was toxic in vivo (Figs. 2 and 5) . The pob3-Q308K allele also causes multiple defects in vivo (47) and inefficient release from nucleosomes in vitro (42) , which was interpreted as failure of a proposed nucleosome assembly checkpoint in which the
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release of FACT from complexes depends on the successful assembly of a canonical nucleosome. Extending this interpretation, SP-3N may be unable to complete nucleosome assembly effectively because its enhanced DNA-binding capacity makes it too prone to initiate another cycle of reorganization or unable to satisfy some test of the quality of the assembly process. This highlights a conceptual problem associated with histone chaperones in that they must bind to regions of histones and DNA that are buried in the nucleosome to prevent inappropriate interactions prior to assembly, but they must also dissociate at the proper time to allow nucleosomes to form. Release defects like these may therefore reveal checkpoints that monitor the appropriate coordination of multiple steps that occur in parallel during assembly. We propose a model ( Fig. 8 ) to explain the effects of intrinsic DNA-binding modules on FACT activity. The new feature introduced here is a proposed unstable complex of FACT with nucleosomes that is not detected by EMSA. The nucleosomes in this proposed state are stressed in some way, making them more permissive to processes like transcription, but the DNA remains tightly coiled and resistant to nucleases. This state could represent multiple tentative steps taken as different domains of FACT interact weakly with individual binding surfaces, sequentially loosening the nucleosomal structure prior to achieving the stable reorganization associated with the observed large-scale uncoiling of the DNA (10, 11) . These steps are rapidly reversible if reorganization is not achieved, and the reverse steps are also the normal pathway to nucleosome assembly. If the canonical configuration is not formed, release of FACT is blocked, providing a checkpoint for nucleosomal integrity. This intermediate could therefore explain how FACT affects the properties of nucleosomes without forming stable complexes (3, 7, 11) , as well as the blocked release of some mutant versions of FACT from nucleosomes ( Fig. 5 and Ref. 42 ).
We further propose that DNA-binding modules alter the equilibrium between this proposed stressed intermediate and the reorganized state, with multiple DNA-binding events promoting full reorganization and the availability of an intrinsic, dedicated HMGB module favoring resolution to the stressed intermediate. The HMGB module functions through its known ability to stabilize bent DNA in both cases, as this weakens histone-DNA contacts to allow reorganization and provides curvature to the DNA to promote assembly. The stressed intermediate is less prone to H2A-H2B loss and is insensitive to nucleases; therefore, skewing the equilibrium toward this state could explain the effects observed here.
This model provides a mechanistic distinction between the Pob3 and SSRP1 architectures, suggesting that the relative degree of openness of the chromatin is the parameter that drives the evolutionary preference for one or the other. Pob3 lacks an intrinsic HMGB domain and is therefore more likely to promote reorganization, with its more open chromatin status providing enhanced DNA accessibility and H2A-H2B dimer exchange. SSRP1 is less disruptive, leading to more stable chromatin. This model highlights the importance of DNA bending during the nucleosome assembly phase of FACT action, as also proposed for nucleosome assembly by ATP-dependent remodelers (48) . Questions remain regarding the nature and functional roles of reorganized nucleosomes, but the refined models proposed herein and the tools developed provide ways to address those questions.
Experimental procedures
Yeast strains
Strains congenic with the A364a genetic background were used, with the genotypes indicated in Table S1 . NHP6A was fused to the endogenous POB3 gene as described in the supporting "Methods." Plasmids were constructed also as described in the FACT makes multiple weak contacts with a nucleosome leading to a more permissive but unstable "stressed" form. Converting this to a fully reorganized form requires multiple DNA-binding events to sequentially expose higheraffinity binding sites, allowing the formation of a stable complex detectable by EMSA. This activity can be provided by high concentrations of free Nhp6 or by multiple fused HMGB domains on Pob3 but not by the single HMGB domain in SSRP1 or Pob3-1N. Resolution of the reorganized form requires DNA-bending activity to produce curved DNA to enclose the H2A-H2B dimers, and an intrinsic HMGB domain favors this, skewing the equilibrium toward form 2. This wrapping step has similarities with the proposed role of the ATP-dependent remodeler ACF in converting pre-nucleosomes to nucleosomes (48) , suggesting potential parallels between active and passive nucleosome assembly processes. The DNA in form 2 is tightly coiled, producing the same spFRET and nuclease sensitivity profiles as canonical nucleosomes (11) , but this form is not fully resolved and can promote active processes like transcription or remodeling. Complete resolution requires coordinated assessment of the integrity of the nucleosome, with FACT variants like SP-3N ( Fig. 5 ) and Spt16 -Pob3-Q308K failing to release efficiently due to inefficient completion of this checkpoint (42) . Factors are drawn approximately to scale using the color scheme as described in Fig 
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supporting "Methods" with oligonucleotides for strain and plasmid constructions listed in Table S2 .
Protein purification
All Spt16 -Pob3 variants were expressed in yeast and purified by nickel-nitrilotriacetic acid and size exclusion chromatography as described (4) . Nhp6A was expressed and purified from bacteria by differential TCA precipitation followed by ion exchange chromatography with Mono-Q matrices (GE Life Sciences) as described (33) . Human FACT was expressed in insect cells and purified as described (7, 9) .
Nucleosomes
S. cerevisiae histone sequences were expressed in bacteria, purified, and assembled into octamers as described (4). H2A-Q114C or H2B-T119C variants (4) were used for labeling with Oregon Green dye (Invitrogen), and nucleosomes were assembled with Cy5-labeled DNA fragments (147 or 181-bp 5S rDNA sequences or 189-bp AT-hook sequences) and purified by sucrose gradient centrifugation as described (4) .
EMSA
Nucleosomes were incubated with various factors, as indicated in the legends for Figs. 3, 5, and 7 for 10 min at 30°C, and then electrophoresed on prerun 4% polyacrylamide mini-gels in 0.4ϫ Tris borate-EDTA for 1 h at 80 volts. Dyes were detected using a TYPHOON scanner and quantitated using ImageQuant software (GE Life Sciences). Affinities were estimated from the half-maximal binding point, H2A-H2B displacement was measured using the dimer signal not associated with nucleosomes or nucleosomal DNA after the addition of a large excess of unlabeled genomic DNA (4), and H2A-H2B content was measured using the ratio of Oregon Green to Cy5 signal compared with the ratio with an intact nucleosome.
Restriction endonuclease assays
Nuclease sensitivity assays were performed as described previously using DraI (New England Biolabs) with 5S rDNA substrates and PstI (New England Biolabs) with AT-hook substrates (4). The fraction of molecules digested at multiple intervals over a 24-min time course was used to determine the initial rate of digestion, which was normalized to the rate obtained with parallel samples containing nucleosomes with 200 nM Spt16 -Pob3 and 2 M Nhp6 (SP ϩ N) after subtracting the amount of digestion observed with nucleosomes alone. For human FACT, the yield of digested products at a single 10-min time point was used.
Western blotting
Rabbit polyclonal antisera against purified Nhp6 and Pob3 were prepared by Covance and validated using strains lacking Nhp6 or with fusions that altered the size of Pob3 (Ref. 49 and Fig. 6 ). Whole-cell extracts were prepared using the TCA method and normalized for total protein loaded, and the number of cells represented was calculated as described (49) .
Phenotypic analysis
Strains were grown to saturation in rich medium or under selection for the plasmids indicated. Then 10-fold serial dilu-tions were prepared in sterile water, and aliquots were placed on solid medium and incubated as described in the legends for Figs. 2 and 6 and Fig. S2 .
spFRET assay
The spFRET assay was performed as described (10) . Nucleosomal DNA was labeled with Cy3 and Cy5 fluorophores at ϩ35 and ϩ112 bp relative to the 603-nucleosome positioning boundary (template N35/112 in Ref. 10 ). Nucleosomes were examined in a buffer containing 17 mM HEPES, pH 7.6, 2 mM Tris-HCl, pH 7.5, 0.8 mM EDTA, 0.11 mM 2-mercaptoethanol, 11 mM NaCl, 1.1% glycerin, and 12% sucrose.
